Objective-Alpha2-antiplasmin (␣2-AP) is the major circulating inhibitor of plasmin, which plays a determining role in the regulation of intravascular fibrinolysis. We investigated the role of ␣ 2 -AP on vascular remodeling in response to angiotensin II (Ang II). Methods and Results-␣2-APdeficient mice were performed. Ang II and N -nitro-L-arginine methyl ester (L-NAME)induced perivascular fibrosis was significantly decreased in ␣2-AP Ϫ/Ϫ mice compared with wild-type mice. In situ gelatinolytic activity analysis shows that perivascular gelatinolytic activity was increased in ␣2-AP Ϫ/Ϫ mice, which was responsible for decreased perivascular fibrosis in response to Ang II and L-NAME. Ang II-induced arterial wall thickening, vascular cell proliferation, apoptosis, c-Myc, and collagen ⌱ expression were significantly decreased in ␣2-AP Ϫ/Ϫ mice compared with wild-type mice. Further analysis shows that increased p53 and p21 expression were responsible for inhibition of Ang II-induced vascular remodeling in ␣2-AP Ϫ/Ϫ mice. Conclusion-The results show that ␣2-AP is a critical regulator for vascular remodeling by inhibiting p53/p21 pathway, suggesting that ␣2-AP is proposed to be a potential therapeutic target for vascular remodeling. (Arterioscler Thromb Vasc Biol. 2008;28:1257-1262)
A ngiotensin II (Ang II) is a vasoactive peptide with a wide variety of cardiovascular effects. Inhibition of Ang II by angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor antagonists prevents heart failure progression and reduces mortality in patients. As a critical hormone, Ang II plays a crucial role in affecting the function of virtually all organs, including heart, kidney, vasculature, and brain. 1 Chronic Ang II stimulation promotes cardiac hypertrophy, vascular remodeling, and fibrosis. 2, 3 Alpha 2 -antiplasmin (␣ 2 -AP) is the major circulating inhibitor of plasmin, which plays a determining role in the regulation of intravascular fibrinolysis. Alpha 2 -AP can be synthesized in a number of tissues, where it could function as a distal regulator of plasmin-mediated extracellular proteolysis. 4, 5 The ␣ 2 -AP of human and murine is serpins (serine protease inhibitor) with molecular weight of 65 to 70 kDa. 6 It forms a conventional serpin/enzyme complex with plasmin, but its activity is modified by the presence of N-and C-terminal extensions that are unique among the serpin family. The rate of association of ␣ 2 -AP with plasmin is extremely fast. This is comparable to the rate of association of antithrombin and thrombin in the presence of unfractionated heparin. 5 The fibrinolytic system plays a pivotal role in embryogenesis, ovulation, intima formation, proliferation, migration, tumorigenesis, and metastasis. 7 The plasmin/ ␣ 2 -AP complex in plasma is increased in acute stroke, myocardial infarction, unstable angina, and arterial fibrillation. 8, 9 The mutant ␣2-AP (P1 Arg-Ala), which has no plasmin inhibitory function, is added to human plasma or whole blood clots, leading to enhance urokinase (UK)induced clot lysis. 10 Similarly, a monoclonal antibody of ␣2-AP is added to plasma, leading to enhance the effectiveness of tPA-induced clot lysis. 11 Lack of ␣ 2 -AP inhibits neointima formation after vascular injure, 12 and our previous investigation shows that lack of ␣ 2 -AP attenuates dermal fibrosis. 13 However, ␣ 2 -AP-induced vascular remodeling in response to Ang II is still unknown. We reported here that Ang II-mediated vascular remodeling was decreased in ␣ 2 -AP-deficient mice. These findings suggest that ␣ 2 -AP is a key regulator in Ang II-infused mice.
Materials and Methods
Animals ␣2-APdeficient mice were generated by injection of ␣2-APdeficient 129/Sv ES cells into C57BL/6 blastocysts to generate chimeras, and heterozygous males were bred with C57BL/6 females as described previously. 14 All experiments were performed using male ␣2-AP Ϫ/Ϫ mice with littermate ␣2-AP ϩ/ϩ controls. At least 6 pairs were prepared for every experiment. Animal care and work protocols were approved and carried out following the regulations by the Committee of Animal Research and Bioethics of Kinki University. Unless otherwise stated, we used 8-to 10-week-old C57BL/6 mice in the experiments. All experiments were performed in accordance with institutional and national guidelines.
Drug Treatment and Blood Pressure Analysis
Ang II (Sigma-Aldrich) was dissolved in 0.9% saline. Mice were treated with either Ang II (1.4 mg/kg/d) or vehicle (0.9% NaCl) through subcutaneous osmotic minipumps (Durect) for 2 weeks. Mice were administered L-NAME (Sigma-Aldrich), an NOS inhibitor, in the drinking water (120 mg/kg/d) for 8 weeks as described previously, 15 whereas control animals received unmodified drinking water. All animals were fed a regular chow diet. Systolic and diastolic blood pressure and heart rate were measured in conscious mice by the tail-cuff system using BP98A (Softron Co) according to manufacturer's protocol.
Reverse Transcription PCR Analysis
The mRNA of mice ␣2-AP was analyzed by reverse transcription PCR. The thoracic arterial tissues for RNA isolation (20 to 30 g) were homogenized, and total RNA was isolated by using RNeasy Mini kit (Qiagen) according to the manufacturer's specifications. Total RNA (0.5 g) from each sample was reverse transcribed. Reverse transcription PCR was performed by using Excript TR reagent kit (TaKaRa). Amplified PCR products were resolved in 2% agarose gels, stained with ethidium bromide, and photographed under UV light. For PCR amplification, the following primers were used: GAPDH forward, 5Ј-TGCATCCTGCACCACCAACT; GAPDH reverse, 5Ј-AACACGGAAGG CCATGCCAG-3Ј; ␣2-AP primer was described previously. 16 
Histological Analysis
Thoracic arterial or heart tissues were paraffin embedded and cut into 5-m sections. Sections were stained with hematoxylin and eosin (HE). Picrosirius red staining was used to detect perivascular fibrosis. Cell apoptosis was detected by using terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) analysis kit (Wako).
Immunohistochemistry
Sections (5 m) cut from paraffin-embedded arterial sections were stained with antibodies against p21, p53, c-Myc, Bcl2 (Santa Cruz). We stained all sections with biotinylated secondary antibodies and detected by using Vectastain Elite ABC kits (Vector Laboratories).
PCNA and BrdU Staining
Proliferating cell nuclear antigen (PCNA; Cell signaling) staining was performed on 5-m paraffin-embedded arterial sections. BrdU (100 mg/kg in saline, sigma) was injected intraperitoneally at 1, 8, 16, 24 hours before removal of arterial tissues as described previously, 12 and then thoracic arterial tissues were fixed in 10% neutral buffered formalin. Immunohistochemical staining was performed by using BrdU antibody (Santa Cruz). The labeling index was calculated as ratio of the number of positive nuclei to the number of total nuclei stained.
In Situ Gelatinolytic Activity Assay
In situ gelatinolytic activity was assessed as described previously. 17 After 2 weeks of Ang II infusion or eight weeks of L-NAME treatment, animals were euthanized, and thoracic arterial tissues were frozen. Arterial sections, 10 m thick, were incubated for 2 hours at 37°C in a solution of gelatin fluorescein conjugate (40 g/mL) (Molecular Probes). This procedure was performed carefully without any washing. In situ gelatinolytic activity was assesed by fluoromicroscopic detection.
Western Blot
Thoracic arterial tissues were minced and homogenated in lysis buffer (50 mmol/L HEPES, pH 7.0, 150 mmol/L NaCl, 10% Glycerol, 1% Triton X-100, 1.5 mmol/L MgCl 2 , 1 mmol/L EGTA, 100 mmol/L NaF, 10 mmol/L NaPPi, 1 mmol/L Na 3 VO 4 , 1 mmol/L PMSF, 10 g/mL aprotinin and 10 g/mL leupeptin). The samples were subjected to 10% to 20% gradient SDS-PAGE, transferred to a nitrocellulose membrane, then probed by Western blot analysis with the indicated antibodies (Santa Cruz) and developed by using ECL Kit (Amersham Biosciences).
Statistical Analysis
The values for each parameter within a group are expressed as the meanϮSEM. Statistical comparison was carried out with 1-way analysis of variance (ANOVA) and Dunnett test. Significance was defined as PϽ0.05.
Results

Involvement of ␣ 2 -AP in Ang II-Induced Vascular Remodeling
Alpha 2 -AP can be synthesized in a number of tissues, 4 however it is still unknown whether Ang II increases ␣ 2 -AP expression in arterial tissues. Our results show that ␣ 2 -AP gene expression was very low in thoracic arterial tissues, but its expression was significantly increased after Ang II infusion for 2 weeks ( Figure 1A ). Chronic infusion of Ang II in animals leads to increased systolic blood pressure and vascular remodeling, including medial hypertrophy and perivascular fibrosis, which are also observed in patients with renovascular hypertension. 1 There was no difference in the systolic blood pressure observed in ␣ 2 -AP Ϫ/Ϫ mice compared with ␣ 2 -AP ϩ/ϩ mice in response to Ang II ( Figure 1B ). Ang II infusion led to increase vessel thickening and the ratio of the media to vessel lumen, but significant blunting of these Ang II-mediated effects was observed in ␣ 2 -AP Ϫ/Ϫ mice (Figure 1C through 1E). These results show that vascular remodeling was decreased in Ang II-induced ␣ 2 -AP Ϫ/Ϫ mice.
Loss of ␣ 2 -AP Decreases Perivascular Fibrosis in Response to Ang II or L-NAME
Compared with saline-infused wild-type (WT) mice, there was a significant increase in perivascular fibrosis as measured by Picrosirius red staining of arterial and ventricular sections from Ang II-infused WT mice (Figure 2A and 2D) . In contrast, perivascular fibrosis was decreased in Ang IIinfused ␣2-AP Ϫ/Ϫ mice (Figure 2A and 2D ). Long-term inhibition of nitric oxide synthase (NOS) by use of L-NAME induces perivascular fibrosis in experimental animal models, and perivascualr fibrosis is decreased in plasminogen activator inhibitor (PAI)-1 Ϫ/Ϫ mice. 15 We further detected perivascular fibrosis and systolic blood pressure in response to L-NAME. Our results show that although perivasular fibrosis and systolic blood pressure were increased in L-NAMEtreated mice, significant blunting of these L-NAME-mediated effects was observed in ␣ 2 -AP Ϫ/Ϫ mice ( Figure 3A and  3C ). Further analysis shows that collagen ⌱ expression of ␣ 2 -AP Ϫ/Ϫ mice was decreased in response to Ang II or L-NAME ( Figure 2E and Figure 3D ).
Loss of ␣ 2 -AP Increases Perivascular Gelatinolytic Activity
Matrix metalloproteinases (MMPs) are associated with embryogenesis, wound healing, inflammation, fibrosis, and car-diovascular diseases. 18 To further detect the effect of ␣ 2 -AP Ϫ/Ϫ mice on MMPs in response to Ang II or L-NAME, in situ gelatinolytic activity was analyzed. Our results show that perivascular gelatinolytic activity was increased in ␣ 2 -AP Ϫ/Ϫ mice, which was responsible for inhibition of Ang II or L-NAME-induced perivascular fibrosis ( Figure 4A and 4B).
Involvement of ␣ 2 -AP in Ang II-Induced Vascular Cell Proliferation
To detect and quantify vascular cell proliferation, the staining of proliferation cell nuclear antigen (PCNA) and BrdU were performed by immunostaining analysis. There were only a few positive nuclei for PCNA and BrdU staining in vascular wall in ␣ 2 -AP ϩ/ϩ mice and ␣ 2 -AP Ϫ/Ϫ mice with saline treatment ( Figure 5A and 5B) . Although there was a marked increase in the number of PCNA-and BrdU-positive cells in vascular wall in Ang II-treated ␣ 2 -AP ϩ/ϩ mice, the number of PCNA-and BrdU-stained positive cells of ␣ 2 -AP Ϫ/Ϫ mice was significantly decreased in response to Ang II ( Figure 5A and 5B). The results suggest that vascular hyperplasia resulted from increased proliferation of vascular mesenchymal cells.
Effects of p21 and c-Myc Expression in Ang II-Induced WT and ␣ 2 -AP-Deficient Mice
The number of PCNA-and BrdU-stained cells of ␣ 2 -AP Ϫ/Ϫ mice was significantly decreased in response to Ang II, suggesting that loss of ␣ 2 -AP resulted in inhibiting Ang II-induced vascular cell proliferation. As the cell cycle inhibitor, p21 inhibits vascular smooth muscle cell (VSMC) proliferation. 19 Immunohistochemical analysis shows that Ang II significantly decreased p21 protein expression, but this effect was decreased in Ang II-induced ␣ 2 -AP Ϫ/Ϫ mice (supplemental Figure ⌱A , available online at http://atvb.ahajournals.org). Our previous investigation shows that c-Myc induces VSMC proliferation. 20 Here we found that Ang II significantly increased c-Myc expression. In contrast, c-Myc expression of ␣ 2 -AP Ϫ/Ϫ mice was decreased in response to Ang II (supplemental Figure IB ).
Loss of ␣2-AP Inhibits Vascular Cell Apoptosis by Increased Bcl2 Expression
Although Ang II increased p53 expression both in WT mice and ␣ 2 -AP Ϫ/Ϫ mice (supplemental Figure IIA) , Bcl2 expres-sion of ␣ 2 -AP Ϫ/Ϫ mice was significantly increased in response to Ang II (supplemental Figure IIB) , which was responsible for inhibition of Ang II-induced cell apoptosis (supplemental Figure IIC and IID).
Discussion
The purpose of this study was to determine whether loss of ␣ 2 -AP decreases Ang II-induced vascular remodeling. Our findings suggest that ␣ 2 -AP plays a crucial role in development of vascular remodeling in response to Ang II. Arterial wall thickening and perivascular fibrosis were significantly decreased in ␣ 2 -AP Ϫ/Ϫ mice compared with WT mice in response to Ang II.
Although Ang II is a potent vasoactive peptide, several of its effects occur independently of changes in blood pressure. Our results show that Ang II increased blood pressure in both ␣ 2 -AP ϩ/ϩ mice and ␣ 2 -AP Ϫ/Ϫ mice in response to Ang II; these findings further suggest that many of the cellular effects mediated by Ang II occur independently of the vasoactive effects. 3, 21, 22, 23 Ang II promotes fibroblast proliferation, alteration of fibrillar collagen turnover, and stimulation of aldosterone, resulting in accumulation of collagen type I and III fibers and fibrosis 24 ; this accumulation causes a distortion of tissue structure, which is responsible for the increase in myocardial stiffness leading to diastolic dysfunction, a substrate for ventricular arrhythmias, and ultimately to systolic dysfunction. 25 Matrix metalloproteinases (MMPs), also called matrixins, are a family of zinc-dependent endopeptidases capable of degrading extracellular matrix components such as collagens, proteoglycans, elastin, laminin, fibronectin, and other glycoproteins. 26 The plasminnogen activator/plasmin system plays a crucial role in degrading extracellular matrix components, because plasmin is the proteolytic amplification that can be achieved by activating several MMPs. 27 The serine proteinase inhibitor, ␣2-AP, is a member of the serpin family with plasmin as its primary target. Plasmin, generated from the zymogen plasminogen, plays a critical role in fibrin proteolysis and tissue remodeling. 28 These findings suggest that ␣2-AP deficiency may prevent the increase of collagen deposition by accelerating matrix degradation. Thus, ␣2-AP could be an important modulator during the process of vascular remodeling by regulating the activation of MMPs. On the other hand, long-term inhibition of NOS by use of L-NAME induces perivascular fibrosis in experimental animal models, and PAI-1 Ϫ/Ϫ inhibits L-NAME-induced coronary arterial fibrosis by increased gelatinolytic activity. 29 Here we found that loss of ␣2-AP decreased perivascular fibrosis in response to Ang II or L-NAME. In situ gelatinolytic activity analysis suggests that perivascular gelatinolytic activity of ␣2-AP Ϫ/Ϫ mice was significantly increased. Further analysis shows that Ang II or L-NAME-induced collagen ⌱ expression was decreased in ␣ 2 -AP Ϫ/Ϫ mice. These findings suggest that loss of ␣2-AP decreased Ang II or L-NAME-induced perivascular fibrosis. Our results show that ␣ 2 -AP plays a crucial role in cardiovascular diseases. Gelatinolytic activity has the ability to cleave a variety of the extracellular matrix (ECM) components including denatured collagen (gelatin) generated by thermal denaturation at body temperature. 30 Therefore, increased perivascular gelatinolytic activity was responsible for inhibition of fibrosis development in response to Ang II or L-NAME.
Antimitogenic signals activate p53, which induces expression of CKI p21 CIP1 and consequently inhibits the activity of the G1 cyclin-CDK complexes, resulting in G1-phase arrest. 31 The p21 gene, another member of the CIP/KIP family of CDK inhibitors, also is an important modulator in the regulation of cell cycle progression. 32 Overexpression of p21 has been associated with a reduction in systemic arterial smooth muscle cell proliferation. 33 Expression of p21 inhibits vascular cell proliferation and induces cell cycle arrest. 34 In addition, inhibition of heparin on pulmonary vascular pericyte proliferation is accompanied by induction of p21. 35 Our results show that Ang II decreased p21 expression in WT mice. In contrast, this effect was abolished in ␣2-AP Ϫ/Ϫ mice. Ang II induces VSMC proliferation and apoptosis, which is responsible for vascular remodeling and atherosclerosis. 1 Although Ang II induced vascular cell apoptosis in WT mice, the apoptosis of ␣2-AP Ϫ/Ϫ mice was inhibited. Further analysis shows that loss of ␣2-AP led to increase Bcl2 expression in response to Ang II. Bcl2 is antiapoptotic protein, and inhibition of apoptosis is associated with increased Bcl2 expression in response to Ang II. 36 These findings show that Bcl2 expression in Ang II-treated ␣2-AP Ϫ/Ϫ mice was responsible for inhibition of cell apoptosis. These results provide a novel role for ␣2-AP-mediated vascular remodeling by suppressing p52/p21 pathway in response to Ang II.
In conclusion, our results show that loss of ␣2-AP alleviated Ang II-induced vascular remodeling in association with increased p53/p21 pathway. Increased perivascular gelatinolytic activity and decreased collagen I expression in ␣2-AP Ϫ/Ϫ mice contributed to inhibit the development of perivascular fibrosis. These findings suggest that ␣2-AP is proposed to be a potential therapeutic target for vascular remodeling.
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